Sterol carrier protein 2 (SCP2) is a 13-kDa peroxisomal protein, identical to nonspecific lipidtransfer protein, and stimulates various steps of cholesterol metabolism in vitro. Although the name is reminiscent of acyl carrier protein, which is involved in fatty acid synthesis, SCP2 does not bind to lipids specifically or stoichiometrically. This protein is expressed either as a small precursor or as a large fusion (termed SCPx) that carries at its C-terminal the complete sequence of SCP2. SCPx exhibits 3-oxoacyl-CoA thiolase activity, as well as sterol-carrier and lipid-transfer activities. The N-and C-terminal parts of SCPx are similar to the nematode protein P-44 and the yeast protein PXP-18, respectively. P-44, which has no SCP2 sequence, thiolytically cleaved the side chain of bile acid intermediate at a rate comparable to that of SCPx. This, together with the properties of other fusions with SCP2-like sequence, suggests that the SCP2 part of SCPx does not play a direct role in thiolase reaction. PXP-18, located predominantly inside peroxisomes, is similar to SCP2 in primary structure and lipid-transfer activity, and protects peroxisomal acyl-CoA oxidase from thermal denaturation. PXP-18 dimerized at a high temperature, formed an equimolar complex with the oxidase subunit, and released the active enzyme from the complex when the temperature went down. This article attempts to gain insight into the role of SCP2, and to present a model in which PXP-18, a member of the SCP2 family, functions as a molecular chaperone in peroxisomes.
INTRODUCTION
matrix of peroxisomes (3, 4) , where a 58-kDa protein (termed SCPx), which carried at its C-terminal the complete sequence of SCP2, also resided. Seedorf et al. (5) elucidated that SCPx was a thiolase and renamed it SCP2/3-oxoacyl-CoA thiolase. Three research groups (6) (7) (8) demonstrated that SCPx reacted with 2-methyl-branched 3-oxoacyl-CoAs as well. However, the molecular function of the SCP2 part in SCPx is uncertain. Krisans (9) demonstrated the peroxisomal localization of many enzymes involved in cholesterol synthesis; Puglielli et al. (10) revealed the SCP2-dependent transport of cholesterol from the endoplasmic reticulum to the plasma membrane. Again, the cellular function of the free SCP2 remains unclear.
SCP2 is identical to mammalian nonspecific lipid-transfer protein (nsLTP) (1) . This protein accelerates the transfer of cholesterol, glycolipids, and all common phospholipids between donor and acceptor membranes in vitro (11) . Unlike other phospholipid-transfer proteins, which bind to specific phospholipids tightly and exchange them between membrane bilayers, nsLTP binds to various membrane lipids with a low affinity and mediates a net mass transfer of them (12) . A currently accepted model for the action of nsLTP is that the two molecules, interacting with each membrane, form a dimer with the single cysteine residue, facilitate the transient contact of two lipid bilayers, and enable lipids to move between the membranes (13, 14) . The nonspecific lipid-transfer activity seems crucial to understand SCP2, though the term nsLTP will not be used in this article, in order to avoid confusion in terminology.
Mammalian SCPx is a fusion protein (15, 16) coded by a single gene that has two distinct promoters (17) . The shorter mRNA, expressed constitutively in liver cells, encodes pre-SCP2, which has a cleavable presequence of 20 amino acid residues at the N-terminal of 123-residue-long SCP2 (16) . The longer mRNA, inducible by a peroxisome proliferator, encodes SCPx, which consists of the N-terminal part of 404 amino acid residues and pre-SCP2 (16) . The C-terminal tripeptide of these proteins is Ala-Lys-Leu, a peroxisomal targeting signal 1 (18) , being consistent with their subcellular localization (3, 5) . Although the non-mammalian counterpart of SCP2 was found in yeast species (19, 20) , that of SCPx has not been reported except in avian species (21). Bun-ya et al. reported a protein highly similar to the N-terminal part of SCPx in the nematode Caenorhabditis elegans (22) . This C. elegans protein and the yeast SCP2 seem to be components of the fusion protein SCPx, and reveal a new aspect of the role of SCP2.
TYPE II THIOLASE: THE PSYCHOLOGICAL ROLE OF SCPx
The amino acid sequence of the C. elegans protein, named P-44, after its molecular mass of 44 kDa, was deduced from its full-length cDNA (22). The 412-residue sequence was significantly similar to that of SCPx, but terminated in the middle of the presequence of SCP2, and thus lacked the entire SCP2 part. The possibility that alternative splicing generated SCPx-like fusion protein was excluded by both Northern blot analysis and genomic DNA sequence. RNA prepared from a mixedphase culture of nematode contained only a 1.4-kb RNA species; the size matches the length of the cDNA cloned (1371 bp) (22) . No sequence related to SCP2 was detected in the corresponding region of the genome (EMBL/ GenBank/DDBJ accession number Z81559). Therefore, P-44 is independent of SCP2, though it resembles SCPx. P-44 was more similar to SCPx than conventional thiolases in amino acid sequence. Unrooted neighbor-joining analysis with P-44 and 14 thiolases showed that distances from P-44 to three SCPx thiolases (from chicken, rat, and human) were nearly the same, and about one-half of those to four acetoacetyl-CoA thiolases and seven conventional 3-oxoacyl-CoA thiolases (one bacterial, two mitochondrial, and four peroxisomal). A cysteine residue believed to be essential for substrate binding was conserved in P-44 as well. Recombinant P-44, which was tagged with hexahistidine and . D-BP is identical to 17β-hydroxysteroid dehydrogenase type IV, which carries at its C-terminal an SCP2-like sequence (28). In the final step of the oxidation, it is SCPx that acted on the CoA esters of oxo-form, including 2-methylbranched fatty acids, pristanic acid, and bile acid intermediates (6) (7) (8) . P-44 formed cholic acid and chenodeoxycholic acid in the presence of D-BP from 3α,7α, 12α-trihydroxycholest-24-enoyl-CoA and 3α,7α-dihydroxycholest-24-enoyl-CoA, respectively (8) . SCPx formed bile acid under similar conditions. P-44 also acted on CoA esters of 2-methyl-2-hexadecenoic acid and stereoisomers of varanic acid and 12-deoxyvaranoic acid (8) . Thus, it becomes significant physiologically to categorize SCPx and P-44 as type II thiolase; no known conventional thiolase acts on branched-chain CoA esters.
ROLE OF SCP2 IN SCPx MOLECULE
The high specific activity of P-44 toward various branched-chain substrates examined poses a question as to what is the role of the SCP2 part on type II thiolase. It is unlikely that the SCP2 part is essential for carrying the substrate because the activity of P-44, which lacks the SCP2 sequence, was comparable to, or even higher than, that of SCPx (8) . The term SCP2 resembles acyl carrier protein (ACP), which is a part of fatty acid synthase complex. However, ACP is essential for the catalytic activity of the enzyme, having the covalently bound prosthetic group phosphopantetheine, which accepts specific substrates, carries fatty acid intermediates through thioester bonding, and keeps them reactive throughout the synthesis. On the contrary, SCP2 does not bind to lipids specifically or stoichiometrically. Therefore, this part must not be involved in catalysis directly. Dispensability of the SCP2 part in catalysis was also suggested by the observation that active SCPx preparation from rat liver contained two polypeptides of 58 kDa and 46 kDa, reactive with antibody raised against the N-terminal part of SCPx. The 46-kDa polypeptide was much more abundant than the other, and presumably resulted from the C-terminal truncation (6), being similar to P-44.
There are at least two proteins that carry an SCP2-like sequence at the C-terminal: D-BP (29, 30) and UNC-24 (31) . D-BP is tripartite: the N-terminal part (323 residues) is the dehydrogenase acting on 17β-hydroxysteroids and D-3-hydroxyacyl-CoAs, with or without a 2-methyl branched chain, the central part (residues 324-596) is the dehydratase toward above substrates, and the 141-residue C-terminal part shares 36% sequence identity with pre-SCP2 (29) . Porcine D-BP (i.e., 17β hydroxysteroid dehydrogenase type IV) and its C-terminal part exhibited sterol-carrier and phospholipidtransfer activities comparable to those of human SCPx and SCP2, respectively (28). UNC-24 is bipartite and the product of the C. elegans gene unc-24, whose mutation brings the nematode into uncoordinated movement. The N-terminal part (272 residues) resembles the erythrocyte protein stomatin (also called band 7.2) and the C-terminal part (143 residues) has 23-24% sequence identity with respect to pre-SCP2 and the SCP2-like part of D-BP. Since stomatin is the integral membrane phosphoprotein of red blood cells, fusion proteins with an SCP2-like sequence are not limited to those involved in lipid metabolism.
SCP2 shows some analogies with ubiquitin, a 76-residue stress protein. First, ubiquitin exists both in an independent form and in a fusion form. Second, the ubiquitin part seems not essential for the function of the rest of the fusion protein. Third, the fusion proteins are often found in organisms with higher phylogenic complexity. Ribosomal proteins S27a and L40 carry at their N-terminal the single copy of ubiquitin (32) , and the ubiquitin part is split off during or after ribosome formation by a specific protease. It is similar to the truncation of the SCP2 part from SCPx discussed above (6) . The mutation ubi3∆ub-1, which eliminates the ubiquitin part from yeast S27a, affected the processing of 20S pre-rRNA, reducing the rate of cell growth, but was not lethal (33) . Another ribosomal protein, S30, is fused with a 74-residue ubiquitin-like protein in mammals, but is unfused in yeast (34) , being reminiscent of mammalian SCPx and nematode P-44. These findings suggest that the SCP2 part on type II thiolase facilitates the formation of a specific multienzyme complex. This indirect, molecular chaperone-like role was postulated for the ubiquitin part during ribosome biogenesis (33) . In this context, both SCP2 (35) and ubiquitin (36) chiefly consist of a three-stranded β-sheet faced on one α-helix.
IN VITRO ACTIVITY OF YEAST SCP2
The nonmammalian counterpart of SCP2 found thus far is the yeast protein PXP-18, which is the eighteenth-largest peroxisomal polypeptide of the yeast Candida tropicalis (37) . The related yeast Candida maltosa has the ortholog (20). In these yeast cells, peroxisomes and about 20 abundant polypeptides, including PXP-18, are markedly induced when cells are grown on oleate or n-alkanes (C 10-13 ) as a sole source of carbon and energy, but are hardly detected in glucose-grown cells. This inducible nature is similar to SCPx, but not SCP2 (16) . PXP-18, consisting of 126 residues, shared 33-35% sequence identity with SCP2, and showed a nonspecific lipid-transfer activity comparable to that of rat SCP2 (19). The lipid-transfer activity of PXP-18 was detected only after the lysis of peroxisomes, suggesting that it was located inside peroxisomes. Intensive analyses, by means of biochemical and cytological techniques, indicated that PXP-18 was present in peroxisomal matrix, but no other cellular compartment (38) . Import experiments in heterologous yeast cells proved its C-terminal tripeptide, Pro-Lys-Leu, was essential for peroxisomal targeting (38) . PXP-18 was synthesized without any presequence except the N-terminal methionine. The genomic sequence surrounding the gene, POX18 (19, 20) , revealed no possibility to code any fusion protein. Thus, PXP-18 is similar to SCP2 in structure and lipid-transfer activity, but independent of type II thiolase.
The principal role of PXP-18 must not be to carry sterols or to transfer lipids. If it is necessary for sterol synthesis, it should be constitutively expressed, because yeast membranes require much ergosterol, regardless of growth condition. If it transfers membrane lipids to proliferating peroxisomes, it should be present on the surface of organelles. The expression
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pattern and subcellular localization of PXP-18 suggest that it functions solely in the peroxisomes of yeast cells assimilating fatty acids. The major activity in these peroxisomes is fatty acid degradation, in which the ratelimiting enzyme is acyl-CoA oxidase (ACO). PXP-18 protected peroxisomal ACO from acid inactivation (19) and thermal denaturation (39) in vitro. It also facilitated the reactivation of urea-treated ACO, and protected urate oxidase, another peroxisomal enzyme, from thermal inactivation (39) . PXP-18 protected ACO from thermal denaturation through a reversible interaction with the enzyme. Yeast ACO, which consists of two homo-octamers with similar but not identical subunits, PXP-4 and PXP-5, encoded by distinct genes (40) , was completely inactivated when heated alone at 70°C for 15 min. When heated with PXP-18, however, up to 60% of the initial activity was retained in a dosedependent manner. Circular dichroism measurement demonstrated that, at 70°C, ACO was irreversibly denatured, but PXP-18 underwent a little conformational change that was perfectly reversible (39); SCP2 is also thermostable (1, 41) . After the thermal treatment of the mixture, free ACO and the large aggregates composed of both ACO and PXP-18 were detected by sucrose density gradient centrifugation. When isolated, the free ACO was hardly distinguishable from the native ACO in sedimentation behavior, specific activity, and secondary structure. The aggregates exhibited ACO activity, being different from inactive aggregates generated with ACO alone. Aggregates produced in the presence of either lysozyme or cytochrome-c, each of which is basic and small like PXP-18, were also inactive. The active aggregate was named near-stoichiometric complex, because the molar ratio of PXP-18 to the ACO subunit in the aggregates was 1.1 to 1.2, even if the ratio in the initial mixture was changed from 1.0 to 4.0 (39). This constant ratio suggested a fairly specific interaction between ACO and PXP-18. When the near-stoichiometric complex was isolated, suspended, and kept at 30°C, ACO activity was released into supernatant (Fig.  1A) . Sedimentation experiment proved that this activity was the result of free ACO (Fig.  1B) .
PXP-18 forms dimer at a high temperature. When the purified PXP-18 (14 kDa) was heated at 70°C for 15 min, a new entity appeared at the position of 29 kDa. Since the new entity reacted with anti-PXP-18 antibody, and resulted from only PXP-18 ( Fig. 2A) , depending on time and temperature (Fig. 2B) , it is certain that PXP-18 forms a dimer. Mammalian SCP2 is reported to have a tendency to dimerize, supposedly by forming disulfide bond (13) with the single cysteine residue (Cys 71 ), which was thought to be essential for the lipid-transfer activity (13, 41) . However, the sequence of PXP-18 deduced from the gene lacks the cysteine residue, which was replaced with valine (Val 73 ). Although it is possible that PXP-18 expressed in C. tropicalis cells has a cysteine residue, because of the nonuniversal coding in Candida species (42) or the preferential expression of the allelic PXP-18 (19), this possibility was excluded experimentally. The sequencing of peptides derived from the purified PXP-18 covered 77 amino acid residues out of 126, verified valine instead of cysteine at residue 73, and revealed three residues inconsistent with those deduced from the allele reported previously (POX18-1) (19). The amino acid sequence deduced from POX18-2, the newly sequenced allele (DDBJ/EMBL/GenBank accession number D86472), confirmed the absence of cysteine in PXP-18, showed four amino acid replacements between the two allelic PXP-18, and proved that the three inconsistent residues were encoded by POX18-2. These results imply the predominant expression of 
HYPOTHESIS
How does PXP-18 prevent the thermal denaturation of ACO? A model was constructed (Fig. 3) on the basis of the properties of PXP-18: the strong conformational reversibility, the dimerization at a high temperature, and the formation of near-stoichiometric complex, from which free ACO was released. At 70°C, PXP-18 changes its conformation slightly, interacts with an exposed hydrophobic region of the partially denatured ACO in a fairly specific manner, and forms a large complex that is reminiscent of antibody-antigen complexes, owing to the divalent characteristic of the dimerized PXP-18. The tight, regular configuration prevents the further denaturation of ACO, preserves the octameric structure of the enzyme, and allows the spontaneous release of the intact ACO accompanied by the conformational change of PXP-18. The large complex that still remains after cooling is the nearstoichiometric complex detected by sucrose density gradient centrifugation (Fig. 1B) . Free ACO can be slowly released from this complex. The hydrophobic interaction mediated by a dimeric protein is similar to the action of SCP2 in the nonspecific lipid-transfer between membranes (14) . The role of PXP-18 in this model is partly similar to that of molecular chaperones (44) , and compatible with the indirect role of the SCP2 part on type II thiolase.
Some well-known proteins exhibit an unexpected activity. Lens crystallins, whose primary function is to ensure the transparency and integrity of the lens, are revealed to have metabolic or chaperone activity (45) . Yeast phosphatidylinositol-transfer protein (identical to Sec14p) (12, 14) , which catalyzes the exchange of phosphatidylinositol and phosphatidylcholine between membrane bilayers, was shown to play an essential role in linking phospholipid metabolism with vesicle trafficking by maintaining the pools of diacylglycerol (46) . These and other instances encourage speculation that SCP2 or PXP-18 acts as a peroxisomal molecular chaperone as well. This speculation is plausible, because no molecular chaperone has been identified in peroxisomes, despite intensive search, though a plant hsp70 is imported into either glyoxysomes or plastids, depending on the presequence produced by alternative transcription initiation (47) . Common chaperones may not function under a severe oxidativestress condition in peroxisomes. More information on the three-dimensional structure of proteins of SCP2 family is necessary to understand their physiological role.
